Our inner ear is equipped with a set of linear accelerometers, the otolith organs, that sense the inertial accelerations experienced during self-motion [1, 2]. However, as Einstein pointed out nearly a century ago [3] , this signal would by itself be insufficient to detect our real movement, because gravity, another form of linear acceleration, and self-motion are sensed identically by otolith afferents. To deal with this ambiguity, it was proposed that neural populations in the pons and midline cerebellum compute an independent, internal estimate of gravity using signals arising from the vestibular rotation sensors, the semicircular canals [4] [5] [6] [7] . This hypothesis, regarding a causal relationship between firing rates and postulated sensory contributions to inertial motion estimation, has been directly tested here by recording neural activities before and after inactivation of the semicircular canals. We show that, unlike cells in normal animals, the gravity component of neural responses was nearly absent in canal-inactivated animals. We conclude that, through integration of temporally matched, multimodal information, neurons derive the mathematical signals predicted by the equations describing the physics of the outside world. Figures 1C and 1D . For the combined movements, the actual inertial acceleration was the same as during translation-only motion ( Figures 1M-1P, gray  lines) . However, depending on the relative directions of the translation and tilt stimuli, translational and gravitational acceleration components combined in either an additive or subtractive fashion, such that the net gravitoinertial acceleration was either close to null (tilt − translation) or double in amplitude (tilt + translation) ( Figures 1M-1P, black lines) .
these models, there should exist populations of neurons that implement the mathematical relationships between sensory variables (e.g., net acceleration, ␣) and the physical quantities of the outside world (e.g., gravity, g, and inertial motion, t). Because ␣ = t − g, the problem of extracting t given an otolith measurement of ␣ simplifies to generating an internal estimate of gravity, g. The latter could be computed if an independent measurement of rotational velocity was also available (e.g., from the vestibular rotation sensors, the semicircular canals [4, 6] ).
Using combinations of tilt and translation that can distinguish between a neural coding of inertial and net gravitoinertial accelerations, motion-sensitive neurons in the brainstem (vestibular nuclei, VN) and cerebellum (fastigial nuclei, FN) were previously shown to carry signals temporally correlated with the net gravitoinertial acceleration (arising from the otolith organs) and internal estimate of gravity terms required to estimate inertial motion [12] . Here we directly test the hypothesis that the internal estimate of gravity arises from the semicircular canal sensors by recording neural activities in the VN/FN of the same monkeys before and after inactivation (plugging) of the semicircular canals.
Examples of instantaneous firing rates from two FN neurons before and after canal plugging are illustrated in values that were significantly larger than 1, but smaller than 2.
Linear regression analysis and partial correlation coefficients were used to quantify these observations and to investigate whether an afferent-like, net acceleration model (A model, i.e., firing rate = k a) or a translationselective model (T model, i.e., firing rate = k (a + g)) was most appropriate to describe mean firing rate modula- These conclusions were further corroborated when we considered a more general framework, the "distributed convergence" model (C model, i.e., firing rate = k 1 a + k 2 g, where k 1 and k 2 each embed both gain and phase information; see Supplemental Data available with this article online), which has been previously shown to best account for the firing rate modulation of FN and VN neurons in labyrinthine-intact animals [12] . The C model describes neural firing rates as a combination of net and gravitational acceleration and differs from the T model because it allows for these components to combine with unequal weights (i.e., coefficients k 1 s k 2 ). Thus, the C model provides an estimate of the extent to which each acceleration component, a and g, contributes to individual cell activities. The k 2 /k 1 amplitude ratios in normal animals averaged (±SD) 0.89 ± 0.32 (FN) and 1.18 ± 1.01 (VN) . For many cells in normal animals, k 1 s k 2 , accounting for the fact that, while responses were not afferent-like, neither were they translation selective. Nonetheless, the amplitudes of Of additional relevance is the observation that the phase characteristics of coefficients k 1 and k 2 were temporally matched. Specifically, even though the regression analysis imposed no constraints in terms of the relative phase distributions for the two coefficients, k 1 and k 2 , they were nevertheless similar for individual neurons, despite a large distribution of temporal dynamics across the cell population ( Figure 4A, bottom) . This is of particular importance, given the difference in temporal coding of the peripheral vestibular sensors: otolith afferents encode linear acceleration, whereas semicircular canals encode rotational velocity [ 8, 18] . Thus, the observation that this canal-born signal component was temporally matched on a cell-by-cell basis with the component derived from the otolith sensors implies a mathematical integration, as required in a network that implements the equations of motion (see Supplemental Data). Notice that the coefficient phases were less correlated after canal inactivation (Figure 4B,  bottom) , likely because of the small magnitude value of coefficient k 2 .
Discussion
These results provide direct proof at the level of single neurons that brainstem/cerebellar neural populations can rely on semicircular canal signals to distinguish rotation in a gravitational field from a translational movement that produces the same change in linear acceleration. We have causally identified here the sensory origin of extraotolith vestibular signal contributions for the neural resolution of a sensory ambiguity that exists in the detection of inertial motion. During combinations of tilt and translation, neural responses were quantitatively described by two terms, reflecting a net linear acceleration signal arising from the otolith organs and an internal estimate of spatial orientation relative to gravity. A causal relationship between semicircular canal signals and this second (internal estimate of gravity) term has been directly demonstrated here by showing that the coefficient associated with this term decreased by more than 80% in canal-plugged animals. In essence, like otolith afferents, all brainstem and cerebellar neurons in canal-inactivated animals most closely encoded net acceleration. These results provide strong support for the hypothesis that extraotolith signals from the vestibular rotation sensors can be used to compute an internal estimate of spatial orientation relative to gravity (or equivalently, gravity in a head reference frame). This signal is then combined with net acceleration information sensed by the otolith organs to extract information about inertial motion.
Intact semicircular canal signals were previously shown to be important for eliciting appropriate reflexive behaviors (vestibulo-ocular reflex) during tilts and translations [4] . Yet, the present study provides a conclusive demonstration as to the role of canal cues in extracting translational motion information at the neural level. Importantly, the VN and FN constitute the two main subcortical motion processing areas, which not only receive the bulk of vestibular afferent signals [19] [20] [21] [22] . Despite this central neuron variability in temporal response characteristics, the phases of the canal-derived internal estimates of gravity varied appropriately from cell to cell to temporally match the cell's otolith-derived signal contribution. Further evidence in support of such a "matching" of multimodal sensory cues comes from the observation that the net and gravitational acceleration components to each cell's activities are not only temporally but also spatially aligned [32] . These observations imply that inertial motion estimation might involve spatiotemporal convergence of otolith and canal signals whereby both sensory cues may be simultaneously processed by a common distributed integrative network, as previously proposed by Green and Angelaki [5] .
Although all function from the semicircular canals at the motion frequency used (0.5 Hz) was eliminated after canal plugging, as verified by an absent vestibulo-ocular reflex (see Supplemental Data), a small gravity neural response component nevertheless persisted. Thus, although sensory information from the semicircular canals appears to play a dominant role, a small remaining gravity signal may nonetheless have been computed using estimates of rotational velocity arising from the sequential stimulation of the otolith organs along different axes [33, 34] or based on other body somatosensory cues (e.g., truncal graviceptors [35] ). To minimize other extravestibular sensory influences, animals in these experiments were passively moved in complete darkness with the head fixed relative to the body. Notably, however, rotational cues from the semicircular canals might not be useful during low-frequency movements that are below the effective bandwidth of the vestibular rotation sensors [18] . Thus, it is important to emphasize that, in general, the computational resolution of this ambiguity likely involves cue-weighting from all available sensory, efference copy, and motor-related information [14] . Indeed, extraotolith signal contributions necessary to extract inertial motion information have also been shown to arise from the visual system [36, 37] . It is presently unclear whether these extravestibular gravity estimates involve the same or different neural representations. Such central multimodal convergence and computations are vital to generate an internal neural representation of spatial orientation and body motion from sensory information that is individually inherently ambiguous and incomplete.
Supplemental Data
Supplemental Data include one table and Supplemental Experimental Procedures and can be found with this article online at http://www.current-biology.com/cgi/content/full/15/18/1657/DC1/.
